AMONGST the many unsolved problems of physiology and pathology is the fascinating one of re-distribution of body fluids when something goes wrong with the vessels and tissue spaces in which these fluids are normally contained. During the war period I had occasion to study this question from an unusual viewpoint, that of chemical warfare. I make no apology for the choice as a Presidential Address of what at first seems a highly specialized matter, for it will, I hope, become apparent that the focus of all such researches is one common to Medicine in its widest sense. Resolution of the problem will bring the answer to many difficulties, too often regarded as practical in contra-distinction to academic, an attitude I hold to be quite wrong.
The distribution of salts can be shown to obey the predictions which follow from a Gibbs-Donnan equilibrium and as such can be dismissed from this discussion without further comment. The epidermal covering or dome of the blister is so vitiated by the action of the causative agent and no doubt, too, by its separation from its nutritive bed, the dermis, that it invariably dies and later separates at the edges of attachment, thus presenting a problem to the surviving healthy structures around, a problem which is solved in the process we call regenerttion. Two' important features characterize the formation of such a blister, (1) the localized outpouring of blood plasma from the blood-vessels of the affected part, and (2) the detachment of the epidermis by this rush outwards of plasma. We know a good deal about the first mechanism, but very little about the second, although the important researches of Peters and his colleagues, and of Medawar, hold out promise of a solution in the discovery of proteolytic enzymes liberated after skin damage which may be responsible for loosening of the basement membrane which anchors the epidermis to the dermis.
Experimental pathology has long known that outpouring of a fluid follows injury by various means of blood-vessels, especially capillaries. There is an impressive NOV.-COMP. MED. 1 line of simple experiments commencing with the observations of British workers in the early nineteenth century, and including the famous contributions of Augustus Waller, William Addison, Thomas Wharton Jones and Lister, culminating in the classical work of Cohnheim, Starling and Lewis; all such studies show how intense and rapid, yet ordered, is the local response of blood-vessels to injury. If further proof of the importance of this fluid loss is wanted we need only consider the systemic circulatory upset consequent upon a severe involvement of a richly vascular skin in injury. When a few milligrams of lewisite or mustard gas are allowed to soak into the surface tissues of an experimental animal there soon follows a series of changes in the circulating blood which are discussed below. It is not at all difficult to estimate with considerable accuracy the fluid portion of the whole blood by modern photometric methods, based on the principle long ago established by Whipple that minute amounts of dye when allowed to mix thorougbhly with the blood give a measure of the fluid in which the dye is suspended, provided little of the dye escapes from that fluid. Certain high molecular dyes are known, such as trypan blue and its isomer T. 1824, which form large colloidal complexes with the plasma proteins, especially the albumin fraction, and consequently leave the circulation rather slowly. The art of this method of calculating the blood volume lies in choosing a time after the dye has been injected into the vessels, short enough to exclude much loss of the dye, yet long enough to be sure that the dye has been uniformly distributed throughout the circulating blood and intimately mixed with its plasma. With certain precautions, the modern methods give uniform results and can be used for repeated estimations of the plasma volume over a short interval of time. After the skin application of these irritants there is found a regular decline in the plasma volume, sometimes to low levels, and this depression may last two or three days. The animal may die at this stage in a condition we called lewisite or mustard-gas "shock", a state in which the animal is cold and clammy, looks ill and is difficult to bleed because its veins are collapsed and its arterial blood-pressure is low. In not so severe cases, recovery follows in gradual fashion and in five to seven days there is great improvement in the clinical condition, whilst the plasma volume has once more returned to the normal level. Associated with these changes in the fluid portion of the blood are several other striking features. It can be shown that the hemoglobin percentage, red cell count and packed cell volume (hematocrit percentage) rise during the period of plasma volume decline and at the height of the "shock" indicate a severe degree of concentration of the blood. Nevertheless, suitable calculations make it clear that there is really very little alteration in the total cell mass of the circulating blood. It thus appears that though the total blood volume has greatly decreased, this is wholly because of loss of its fluid portion. The same mass of red corpuscles is still in circulation but the blood is "thickened" through depletion of its watery phase.
By careful weighings and chemical analyses of the tissues through which the lewisite or mustard gas has seeped, my colleague F. C. Courtice showed that most of this lost fluid could be accounted for as cedema fluid in the gas-contaminated regions.
Protein, too, leaves the circulation with the water. The total plasma proteins fall steadily for the first two to three days after lewisite application; at the same time a protein-containing fluid can be demonstrated in the region of lewisite action. A similar state of affairs arises after mustard-gas application. We are justified, therefore, in believing that because of some action of these irritants, large amounts of plasma are induced to leave the blood-vessels, especially the capillaries, and accumulate in the zone of influence of the irritants concerned.
During the period of "shock" with decreased plasma volume and plasma proteins, the blood urea level almost invariably rises but returns rapidly to normal when the blood volume recovers. This suggests a functional rather than a pathological disturbance of the kidney (Courtice). A mild degree of secondary anvmia is often found and may last several days, but as lewisite not uncommonly damages red corpuscles, leading to haemolysis, and mustard gas has a direct injurious action on the bonemarrow, it would at first seem likely that the anemia is a toxic one. I shall present evidence later on that other factors are also concerned.
If we turn to another chemical warfare agent, phosgene, this time an irritating gas which exerts its effects only after inhalation, we find that much the same sort of changes are induced in the tissues with which the phosgene comes into contact. There is a tremendous outpouring of fluid, rich in plasma proteins, into the voluminous air spaces of the lungs and this presents a serious problem to the organism in the form of pulmonary cedema. Only too frequently is it unsolved and acute mechanical anoxia develops with death from respiratory failure. Existing evidence shows that phosgene as such is not absorbed into the blood from the air spaces so that it does not contribute to the problem through its inherent chemical properties. Lewisite and mustard gas, on the other hand, as we were able to show, can be absorbed and lead to serious systemic complications. Accompanying the pulmonary cedema of phosgene inhalation is a series of changes in the blood pattern. One cannot fail to be impressed by the similarity of this pattern with that which develops after skin application of lewisite or mustard gas. Here again is a profound depletion of the circulating plasma without any noteworthy alteration of the total cell mass. In an animal with a large splenic reservoir, the goat for instance, there is often a temporary increase of the blood cell mass as might be predicted from the Barcroft theory of splenic function, and it has been shown, by American workers, that this phenomenon does not occur in the splenectomized subject. The plasma protein concentration also falls in amounts approximately balanced by the gain of protein in the lung cedema fluid as time goes on, whilst the behaviour of the hTmoglobin percentage, red cell count and hematocrit percentage likewise points to concentration of the blood. In other words, there is an exact parallel in the two types of conditions.' In both much plasma leaves the vessels of the affected regions and there follows hemoconcentration from loss of this blood plasma with its consequent disturbances of circulatory function, nitrogen metabolism and the rest. Other irritant gases, including inhaled lewisite and mustard vapour and certain of the smokes, give the same kind of pattern and it is obvious that we are dealing with a series of widely differing procedures which nevertheless have a common factor.
If we now turn to a completely different process, thermal burning, we meet with much the same set of disturbances once again. Thermal burns affecting an extensive skin area give a blood pattern which differs from that described with the gases only in the rapidity of its development. Here we see an extraordinary outpouring of fluid from the blood, almost a gush of fluid, in the first half-hour after burning. This fluid is the basis of the blistering and cedema of the burnt area. It is rich in protein and in fact may be pure plasma, as chemical analysis of the burn and blister fluid shows. Again we have the familiar sequence in the blood volume change, and there is also a sharp, though usually transient, rise in the non-protein nitrogen of the blood and often a mild or fairly severe anxmia. Surely we are face to face with the same kind of circulatory upset as in the previous examples.
Finally, there are some experiments which I believe have their value in our search for the meaning of these common phenomena. If large amounts of a hypertonic solution of glucose or saline be introduced into the subcutaneous tissues of a limb of a rabbit or goat, there follows quite rapidly a severe localized cedema due to much fluid leaving the circulation. Concentration of the circulating blood follows, as shown by the rising hemoglobin percentage and red cell count and fall of the plasma volume, whilst the familiar non-protein nitrogen increase in the blood occurs at some stage or other and persists for a short time, and there is usually a secondary anamia. In other words, the simple abstraction of fluid from the circulation gives us the complicated pattern of events we have recognized after the action of strong irritant liquids on the skin, thermal burning or inhalation of certain gases. It is not too much to suggest that many, if not all of the phenomena, follow upon the acute anhydremia, no matter how it is induced. Further support for this view has been obtained through the careful experiments of my colleagues, F. C. Courtice and G. L. Foss, who have shown that much may be done to mitigate the serious features of gas anhydremia by the intelligent use of plasma transfusion, whilst my assistants, J. D. Allen, R. F. G. Coles and J. P. Rutland and I have confirmed the beneficial action of plasma found by many other workers in the case of thermal burns. We also have obtained encouraging results in the treatment of the "shock" period of mustard-gas poisoning by using plasma. Of course, caution has to be exercised with this therapy for at certain stages of pulmonary cedema the administered fluid may leave the circulation for the lungs and add to the load of exudate already carried by the air spaces.
It would be wrong to leave this part of the story without referring to some of the compensatory mechanisms the anhydremic organism calls into play when the crisis is precipitated. Perhaps the most important of these is the mobilization of fluid and protein from all available depots in the body, in an attempt to restore the depleted blood or rather plasma volume. The necessity for such emergency measures is of course shown by the grave results of continued anhydremia, evidenced by the falling blood-pressure in the arteries and veins, the decline in body temperaturesurely a manifestation of depressed metabolism-and the signs of functional upset in certain organs, especially the kidneys. That fluid is withdrawn from many sources is plainly shown by the dehydrated condition of many tissues, whilst the thirst the animal exhibits also suggests an urgent call for fluid from without. We have some reason to believe that fluid within the alimentary canal may also be drawn upon in this hour of need. Compensation for protein deficiency is indicated in the lag shown by the falling plasma protein curve which is a striking feature of all our examples, and indeed there may be postponement of the fall in protein concentration for a considerable period of time. This indicates that protein depots readily give up their labile reserves of protein (Whipple) and indeed they may be prepared to offer even more valuable gifts of protein from their resources.
In addition, there is evidence that some at least of the lost fluid and protein is returned to the circulation by way of the lymphatics which drain the sites involved in the fluid loss. We are familiar with the idea of increased lymph flow from burnt areas through the beautiful researches of Drinker and his associates. Courtice has employed similar methods in our own studies and has cannulated the lymphatics of limbs and even of the lungs in animals contaminated with poison gases. With truly remarkable skill he has followed the course of lymph flow for many hours after these injuries, and has given us convincing evidence that such flow is increased, both of water and protein. That such protein-rich lymph is added to the circulation is shown by the increase in thoracic duct flow at the period of greatest fluid loss from the blood-stream. Clearly, this form of compensation is of limited value and indeed may add to the troubles of the harassed organism by introducing some of the harmful chemical into the blood-stream.
Finally, the already well-known compensatory processes of vasoconstriction and blood shift affecting the vascular territories of the less "vital" tissues no doubt play an important part, but we have nothing to contribute to this field of research. I believe that much requires to be done in this domain for here we may find the secret of the case which ends in death.
How are we to put together the facts so briefly outlined in the above description? Exactly fifty years ago, the great physiologist, E. H. Starling, propounded his theory of fluid balance between the tissues and blood which has proved so illuminating in 4 many fields of biology. You will remember that Starling investigated the factors underlying absorption of fluids of varying tonicity from the body cavities and spaces and, in his own words, suggested that "there must be a balance between thehydrostatic pressure of the blood in the capillaries and the osmotic attraction of the blood for the surrounding fluids". When the capillary pressure increases there is increased transudation until equilibrium is established; with lessened capillary pressure there is predominant osmotic absorption of salt solution from the extravascular fluid until this becomes richer in proteins and the difference between its protein osmotic pressure and that of the intravascular plasma is equal to the diminished capillary pressure. The capillary wall thus acts as an inert filtration membrane, the motive force for fluid exchange being the hydrostatic pressure afforded by the blood-pressure and the osmotic pressure of the proteins in the plasma and tissue fluid. Starling was also aware that the tissues could exert a mechanical pressure, much less, it is true, than that exerted by the capillaries, and he actually measured this on many occasions. Such tissue pressure would oppose the force which presses fluid from the vessels. This balanced set of forces thus allows of the passage of water and crystalloids to and fro between the capillaries and the tissue spaces. Protein, however, requires another mechanism for absorption and this, Starling thought, resides in the lymphatics.
Fifty years of experimentation has done little to upset the Starling theory; indeed, more and more data have accumulated in support of what must be regarded as one of the great generalizations of physiology. The relative constancy of blood volume and tissue fluid volume has been established many times and technical improvements in measuring capillary pressure, osmotic pressure of plasma proteins, lymph flow and composition and tissue pressure have given results which are in remarkable agreement with the postulates of the theory. The capillary bed of the organism thus becomes a gigantic filtering surface, estimated by Krogh as being somewhat greater than 6,300 square metres in man, or as Landis so vividly puts it, equal to a minutely thin membrane three feet wide and four miles in length. Such a surface is ideal for rapid interchange of fluid. Over it drifts the blood at a pressure of 22 to 45 cm. water which tends to force plasma through the membrane. The fluid portion of the blood contains various protein fractions, for convenience labelled albumins and globulins, which exert an osmotic force of about 36 cm. water and this force attracts fluid through the filter bed into the main channel of flow. But the bed is of variable extent and its fluctuations lead to variation in filtering pressure and fluid flow. When the capillaries widen, as for example after warming, more fluid passes over the surface, the hydrostatic pressure increases, and filtration is enhanced.
Hence more filtrate leaves the vessels for the tissues and cedema results. It must. be emphasized that the filter has the important property of allowing only very small amounts of protein to pass through so that on one side it encloses water, crystalloids and very large molecules of protein, on the other side it is in contact with a salt solution containing very small amounts of protein. In this way there is maintained an additional motive force (the osmotic pressure) inherent in the large molecules within the capillaries. Despite this osmotic pressure being quite small in comparison with that of the crystalloids, it is an effective one, acting as it does almost unopposed, and being of a dimension not far removed from the hydrostatic pressure.
A little thought convinces one that the filter membrane plays a highly important part in equilibrium maintenance. At least 95 % of the circulating protein is held back by the membrane in most parts of the body (Landis), though there are regions which permit a free passage of protein, notably in the liver and alimentary canal. Anything which makes the filter more leaky should, on the Starling theory, lead to great disturbance of fluid equilibrium for the proteins would pass to the tissue spaces and swing the balance of forces over to the side of attraction. In this way the counter-5 5 6 Proceedings of the Royal Society of Medicirne 6 balance to hydrostatid pressure would be lessened and filtration would go on unrestricted until equilibrium was again asserted. I believe that this is the basis of what was going on in the experiments I have described with irritants and burning. The rapid appearance in the tissues of a fluid rich in protein certainly suggests that the filter had let through these large molecules in a quite unusual fashion. My colleague, R. H. D. Short, was able to show that at a very early period after the application of lewisite or mustard gas to the skin, the capillaries became more permeable to a dye such as T.1824. Now this dye combines in some sort of way with the plasma albumin, as Ogston found out for us by means of ultra-centrifugation, so it is plain that capillary permeability had changed. Even after five minutes such an increase has been demonstrated by Short and by our colleagues, H. Cullumbine and H. N. Rydon, both in man and in animals. A similar disturbance can be shown to be at work in the lungs affected by irritant gases and smokes, though here we have to keep in mind an additional factor in the form of anoxia. These irritant gases frequently if not always induce early bronchial constriction which if continued leads on to anoxia. We owe to Landis and Drinker many reasons for believing that anoxia increases the permeability of capillaries; Landis, for instance, has shown that the minute vessels in the frog's mesentery may become three times as permeable in the presence of anoxemia.
Whatever may be the factors concerned, the central point of our investigations is, I am firmly convinced, alteration of capillary permeability through the action of the gases, &c., on the tissues. We are faced with the greatest of all problems in pathology once more.
Cullumbine and Rydon demonstrated the production of Menkin's leukotaxin in tissues damaged by mustard gas, and this compound, together with the histamine-like substances of Lewis, is no doubt the intermediary in bringing about the capillary wall change which underlies increased permeability for plasma proteins. Once this view is accepted, most of the phenomena I have described follow in due course and the common story becomes an intelligible one.
But what of this fundamental permeability change which receives emphasis again and again in physiology and pathology? Is it a physical or chemical alteration in the surface membrane of the lining endothelial cells of the vessels, or can it be attributed to a loosening of the cement substance which binds together these cells, as was suggested originally by Sidney Ringer and again in recent years by Robert Chambers and his schooi? Are living processes concerned, bound up with the life of cells or must we look to the biophysicist for the answer?
The remarkable studies of Peters and Dixon on enzyme chemistry and chemical warfare agents have opened up a new way of approach to the permeability problem which may bring the solution, but are we to wait for the outbreak of fresfi horrors of man 's ingenuity to enable an organized and adequate attack on this most vital of problems? BIBLIOGRAPHY
